Among the infrequently measured but essential properties for thin-film (T-F) module reliability are the interlayer adhesion and cohesion within a layer. These can be cell contact layers to glass, contact layers to the semiconductor, encapsulant to cell, glass, or backsheet, etc. We use an Instron mechanical testing unit to measure peel strengths at 90° or 180° and, in some cases, a scratch and tape pull test to evaluate inter-cell layer adhesion strengths.
INTRODUCTION
Interlayer adhesion and cohesion within a layer can be a problem for thin-film (T-F) module reliability. To avoid delamination we must understand the many materials and interfaces that comprise a T-F module and how they respond to environmental stresses. A few years ago SnO2-to-glass delamination caused significant problems; A recurring problem is the "bubble" type of delamination found in some double-glass-laminated T-F modules, both shown in Fig. 1 [1] . The SnO2 delamination failures are caused by multiple stress factors that involve water vapor and ionic currents flowing through the sodalime glass or on its surface. A solution was found, and screening tests were developed for SnO2-coated glass [2, 3] . The "bubble" type of delamination is caused by a reduction of the ethylene vinyl acetate's (EVA) viscosity and adhesion at higher field temperatures along with tensile stress due to glass warpage. Encapsulant to backsheet or cell layers, backsheets, scribeline vias, layers within the cell, etc. are all subject to delamination failure.
Sometimes solutions rely on reducing the internal stress in the T-F layer, for example, Mo on glass used for CIGS module construction [4] . As another example, we found that for an oxide barrier coating on polyethylene terephthalate (PET) to survive lamination without cracking, the internal stress in the coating must be below 5 x 10 9 Ncm -2 [5] . More recently, we have measured and tried to optimize the interfacial adhesion between soda-lime glass substrates and the most commonly used encapsulant material, EVA.
Although initial adhesion values were important, we were looking for maximum adhesion after damp heat at 85°C/85% relative humidity (RH) exposure based on earlier work at the Jet Propulsion Laboratory [6] . At NREL, a similar effort to optimize the wet resistant strength of the interface between EVA and a smooth glass interface has recently been completed [7] . Specialized Technology Resources (STR) has reported on a recently developed EVA-based encapsulant to bond to Si cells that doesn't degrade with damp heat [8] . Adhesion to glass surfaces that have been mechanically abraded, for the purpose of electrical isolation, is extremely important to achieve high module reliability. In one study we found loss in adhesion after damp heat to be greater for mechanically abraded surfaces than for smooth glass [9] .
One of the strategies for obtaining good adhesion to polymer surfaces as well as to back metal contacts is to deposit oxide barrier coatings before lamination. These polymers can be metal-impregnated back metal contacts, screen-printed grid-line contacts, back sheet materials such as PET, or possibly transparent front sheets of Tefzel. Barrier layers on PET can greatly reduce water vapor transmission and increase adhesion to EVA; peel strength values that were < 1 N/mm before coating increased to >10 N/mm after coating [4] . We use this oxide coating to facilitate our testing of one T-F cell interface. Oxide coatings can also enable us to produce a more durable module package.
Peel strengths depend on the length of the ambient dry-out period after removal from the 85° C/85% RH exposure. Because hydrolysis weakens interfacal Si-O bonds [6] , peel strength values measured immediately after removal from damp heat can be half as great as values after a 3-h dry out. Values measured after several days can show complete healing of a coating/PET interface to the pre-damp-heat condition. Increasing the temperature during peel significantly reduces adhesion. We suggest that adhesion measured under higher temperature and RH conditions is more relevant for module reliability. Table 1 shows peel strength adhesion values measured for a number of T-F module types from different sources (A thru E) and, for reference purposes, on other types of Si modules/samples (F, G, and 2-tape pulls), with and without 85° C/85% RH damp heat weathering. An example of such a T-F peel sample (CdTe:B) is shown in Fig. 2 . The corresponding peel data from the right hand peel tab are shown in Fig. 3 . The pull rate was 10 mm/min with data taken before and after 256 h of damp heat.
PEEL TESTS
Tedlar/PET/EVA back sheet material from Madico is laminated to the module or mini-module with one sheet of STR's 15295 P-UF EVA. Typically, 25 mmwide peel tab strips are defined with a razor blade and, in this case, mounted in the Instron for a 90° pull. Samples from B had low adhesion of the EVA to the back contact Ni-paste ( < 1 N/mm), so we deposited a SiOxNy film to increase the EVA/SiOxNy/Ni-paste interface strength. Because this is still the weakest interface, now failing at 5.6 N/mm, we can say that all of the other cell adhesive and cohesive strengths are greater than 5.6 N/mm.
The Ni-paste contact area is shown on the right hand side of Fig. 2 . After damp heat, the failure interface moves from the EVA/SiOxNy to the SiOxNy/Ni-paste with only small bits of the cell cracking from the SnO2. On the left side of Fig. 2 , the cell always remains in contact with the SnO2: the dark areas are where the barrier coating remains on the CdTe, and the grey areas are where the coating comes off with the EVA. Similarly, for other T-F peel strengths where failure is not within the cell stack, e.g. a-Si:A, the lower limit of the cell adhesive and cohesive values is the value cited in the right hand column of Table 1 , e.g. > 3.8 N/mm. The remaining T-F sample from source E was a flexible module package. Peel strengths for most of the interfaces in front of and behind the CIGS cell are shown in Table 1 before and after damp heat and field exposures as noted. This package was never intended for the rigorous requirements of the power market; the peel strength values are somewhat lower than found for other cells. Fig. 4 shows the pull tabs on two of the four Simodules measured for comparison purposes. Two sets of peel-strength values are entered in the table for each of the "F" and "G" module brands. Values measured for the two brands of aged (7-year UV equivalent) Si-modules at the EVA/glass interface near the edge are 2.0 and 0.4 N/mm. These are down more than 60% from 5.5 and 3 N/mm measured on the unexposed control modules; these are to be compared to typical EVA/glass values of > 10 N/mm. Results after additional damp heat exposure for each of the four modules are listed as well.
A final but important point to make is the effect that the measurement temperature has on adhesion. The values measured in the edge seal region of modules "F" and "G" after UV (2.0 and 0.4 N/mm) will decrease even further with increasing temperature. Anyone who has deencapsulated a module with a heat-gun knows this. Because neither "F" or "G" would fit in the oven that is used with the Instron, we had to confine our temperaturedependent studies to the smaller CIGS:D2 sample. It had the room temperature value of 7.0 N/mm. As the table indicates, at T = 60°C the pull strength falls to 1.0 N/mm and at 80°C the EVA fails cohesively at 0.05 N/mm. This loss of adhesion and viscosity results in the bubble-type of failure shown in Fig. 1 . Applying this train of thought to the modules shown in Fig. 4 , any remaining strength left in the edge-seal region of "F" or especially "G" must be very small. We discuss this point later. 
SCRATCH ADHESION TESTS
To measure cell layer adhesion properties only, without the complications of attaching pull-tabs and sometimes having to ascribe lower limit values as above, another, easier-to-do, adhesion scratch test can be performed. Initially developed for the paint industry, the ASTM D 3359-02 "Measuring Adhesion by Tape Test" was applied to all the cells tested. The test requires that a lattice pattern be scratched into the coated surface with six or seven lines in each direction. Any loose fragments are brushed away, the ASTM qualified tape is pressed firmly to that area, and, within 30 to 90 s, the tape is pulled back at a 180° angle. The last entry in Table 1 shows the ASTM-designated tape would exert a force of 0.4 N/mm on any cell material disturbed or loosened by the scratch tool.
Some close-up after-test images of single, representative crossings, are shown in Fig. 5 . We now correlate these images with results in Table 1 .
The top-left image is of the a-Si:A that had a peel strength of 3.8 N/mm at the EVA/cell interface. It was the least affected by this test and, although we could only establish a lower limit value of 3.8 N/mm, it very likely has the highest overall adhesive and cohesive strength. The top-right image is of the CdTe:B that had a peel strength of 5.6 N/mm at the EVA/cell interface. These scratchfollowed-by-tape-pull results show virtually no removal of cell material in the area adjacent to the actual scratch mark.
The bottom-left image, D2, is from a commercial product with a peel strength > 7 N/mm, and the bottomright image, D1, is from a "reject" low adhesion test sample with only 0.05 N/mm. These side-by-side images reflect this difference, albeit in a non-quantifiable way. At the left, a fairly uniform but limited amount of cell material is fractured by the scratch mark. At the right, a large and non-uniform amount of cell material is fractured from the surface adjacent to the scratch marks. Referring to Table  1 , the failure interface is between the CIGS/Mo-interface.
Adhesion at this interface was the focus of an earlier study that showed a sensitivty to the Se-processing [10] .
Within a given technology, it could be useful to apply the ASTM D 3359-02 test procedure to screen for cell-layer adhesion strength. It is testing adhesion in a very different way from the pull-testing that we usually do in our laboratory. Depending on the types of stress in the field, one or the other may be more valid.
DISCUSSION
Many field failures can be attributed to packaging deficiencies as shown in Fig. 1 and discussed in [1] . When damage does occur, it usually happens at elevated stress levels. In this paper, we have shown how interfacial adhesion values can vary within the layers of a T-F module. Large differences are found that depend on the source, technology, amount of exposure to stress, and measurement conditions (temperature and RH). Therefore, when we screen encapsulant materials, we should measure relevant properties under those higher stress conditions to avoid packaging-related failure.
Specifying a minimum strength, which would insure a durable module, is problematic. It is unlikely that one value will be adequate for all technologies and for each interface therein. For example, modules like "F" and "G" have framed edges that mechanically hold the encapsulated module together at the edges so that when high temperature and RH occur in the field, the edge remains intact. The situation for a frameless or doubleglass laminate will require more strength.
A minimal strength limit near the center of a module may not be adequate for the edge seal border region. Corrosion protection and reduction of interfacial water ingress may be more important considerations for requiring the highest possible adhesion strength [11] .
Finally, when EVA is used as an encapsulant, as the softening temperature at 85°C is approached and exceeded, cohesive failure and viscous flow can occur if a tensile or shear stress is present. Mechanical stress in a double-glass laminated module can cause bubble-type delaminations or a compromised edge seal.
CONCLUSIONS
We presented peel strength values for the weakest interface of various T-F module technologies and measured how they are affected by environmental stress; some were quite low.
We showed that measurement at higher temperature and RH, and after extended UV and RH exposure reduce EVA's adhesion strength compared with measurement before exposure and under normal laboratory conditions. If minimal guidelines were to be set for adhesion, they ought to include the effects of higher temperature and RH. An added problem associated with EVA is a softening near 85 °C which can also lead to failure.
Our data show that measured inter-layer adhesion within the T-F cell can be quite small. Within a technology the ASTM D 3359-02 "Measuring Adhesion by Tape Test" is useful as a screening test for cell adhesion.
While no minimum adhesion strength could be determined from mechanical considerations, others have shown that strong adhesion reduces both corrosion and interfacial water ingress, thus contributing to a durable module package in these additional ways.
